The effects of a noninstantaneous finite rise time on the transient field phenomena associated with dispersive pulse propagation are considered by use of the asymptotic description of the propagated plane-wave field in a single-resonance Lorentz model dielectric. The asymptotic description is presented for both an input hyperbolic tangent modulated signal with initial pulse envelope u͑t͒ ͓1 1 tanh͑bt͔͒͞2 and an input raised cosine envelope signal with initial pulse envelope u͑t͒ 0 for t # 0, u͑t͒ ͓1 2 cos͑bt͔͒͞2 for 0 # t # p͞b, and u͑t͒ 1 for t $ p͞b. In both cases the parameter b is indicative of the rapidity of the initial rise time of the signal f ͑t͒ u͑t͒sin͑v c t͒ with input carrier frequency v c . In the limit as b !`both of these initial envelope functions approach the unit step function. The dynamical evolution of the propagated field is described by means of the dynamics of the saddle points in the complex v plane that are associated with the complex phase function appearing in the integral representation of the propagated field and their interaction with the simple pole singularities of the spectrumũ͑v 2 v c ͒ of the initial pulse envelope function. The analysis shows that the Sommerfeld and Brillouin precursor fields that are characteristic of the propagated field that is due to an input unit step function modulated signal will persist nearly unchanged for values of the rise-time parameter b of the order of d or greater, where d is the damping constant of the Lorentz model dielectric. As b is decreased below d, the precursor fields become less important in the overall field structure and the field becomes quasi-monochromatic.
INTRODUCTION
The classical theory of ultrawideband optical pulse propagation in a linear, causally dispersive dielectric has its origin in 1914 in the now classic analysis of Sommerfeld 1 and Brillouin, 2, 3 who used the asymptotic method of steepest descents to describe the dynamical evolution of the propagated field that is due to an input unit step function modulated signal of constant carrier frequency in a single-resonance Lorentz medium. The more recent, modern asymptotic description 4 -9 has clearly shown the critical role that the precursor fields play in both the signal arrival 10 and the resultant pulse distortion 11 for instantaneous rise-time input fields as they propagate in a linear, causally dispersive medium. This modern asymptotic description is based on Olver's method, 12 which is a generalization of the method of steepest descent, together with the appropriate uniform asymptotic expansion techniques, 13, 14 and provides an accurate description of the entire dynamical field evolution 15 -17 for all values of the propagation distance in the mature dispersion regime 10 of the medium. This modern description has clearly shown that the precursor fields dominate the propagated-field structure in general dispersive dielectrics 18 -20 when the propagation distance is in the mature dispersion regime and that they carry significant energy much deeper into the dispersive medium than that predicted by traditional analyses. 21 Their relevance for health and safety issues is self-evident.
This asymptotic description is a canonical theory, the most fundamental problems involving the impulse response of the dispersive medium and the propagation of a unit step function modulated signal through the material. The complete solution of these two canonical problems has provided a full description of the precursor fields when they are excited by the input field. The next canonical problem of interest is concerned with the effect of a finite rise time on the formation of these precursor fields in a given dispersive medium. This problem is of some interest from a practical point of view, since it will aid in the design of any laboratory experiment whose purpose is to observe 22 and study the precursor fields in a given infinitely extended dispersive medium. It is also of considerable importance to the problem of radiation dosimetry for ultrawideband electromagnetic fields, 18 since it will help to establish meaningful safety standards.
FORMULATION OF THE PROBLEM FOR A PLANE-WAVE PULSE
The formulation of the canonical problem under consideration here closely follows that given in earlier papers. 5, 6 The exact integral representation of the propagated planewave field in the half-space z $ 0 is given by 9 A͑z, t͒ 1 2p
wheref ͑v͒ is the temporal Fourier spectrum of the initial pulse f ͑t͒ A͑0, t͒ at the plane z 0. The quantity A͑z, t͒ represents either the scalar optical field or any scalar component of the electric or the magnetic vector of the electromagnetic field whose spectral amplitudẽ A͑z, v͒ satisfies the dispersive Helmholtz equation
2)
The complex wave number appearing here is given bỹ k͑v͒ ͑v͞c͒n͑v͒, where c denotes the speed of light in vacuum and n͑v͒ p me͑v͒ is the complex index of re-fraction of the dielectric medium occupying the half-space z $ 0 with complex-valued, relative dielectric permittivity e͑v͒ and constant, real-valued relative magnetic permeability m 1. The complex phase function f͑v, u͒ appearing in the integral representation given in Eq. is a dimensionless parameter that characterizes any particular space -time point ͑z, t͒ in the plane-wave field. The contour of integration, C, is the line v v 0 1 ia, with a being a fixed positive constant that is greater than the abscissa of absolute convergence 23 for the function f ͑t͒ and where v 0 Re͑v͒ ranges from negative to positive infinity. Here and throughout this paper, Re͑?͒ denotes the real part of the quantity appearing in the parentheses.
A case of particular interest is that of a pulse envelope modulated sine wave of fixed real signal frequency v c that is given by f ͑t͒ u͑t͒sin͑v c t͒ , (2.5) where u͑t͒ is the real-valued envelope function of the input pulse. The propagated field is then given by the integral representation 6) whereũ͑v͒ is the temporal frequency spectrum of the initial pulse envelope function at the plane z 0.
If the initial time behavior A͑0, t͒ f ͑t͒ of the field at the plane z 0 is zero for all time t , 0 and if the model of the material dispersion is causal, then the propagated field A͑z, t͒ as given by either Eq. (2.1) or (2.6) is zero for all values of u ct͞z , 1 with z $ 0; the general proof 5, 9 of this result follows the method of proof of Jordan's lemma. 24 Unfortunately, the method employed for u , 1 cannot be applied to evaluate the integral representation of A͑z, t͒ for u $ 1, and no other exact method of evaluation is known at present. Because all the important, detailed features of dispersive pulse propagation occur in the space -time domain u $ 1, an accurate, detailed description of the dynamical evaluation of A͑z, t͒ is required throughout that domain. The most accurate analytical approximation technique is provided by the modern asymptotic theory, 4 -14 which can provide an accurate, detailed description of the entire field evolution in the mature dispersion regime.
ASYMPTOTIC METHOD OF ANALYSIS
The first step in the asymptotic analysis of the propagated field A͑z, t͒ as z !`is to express the integral representation of A͑z, t͒ in terms of an integral I ͑z, u͒ with the same integrand but with a new contour of integration, P ͑u͒, to which the original contour C may be deformed. 4 -6,9 By Cauchy's residue theorem, the integral representation of A͑z, t͒ and the contour integral I ͑z, u͒ are related by A͑z, t͒ I ͑z, u͒ 2 Re͓2piL͑u͔͒ ,
where
is the sum of the residues of the poles that were crossed in the deformation from C to P ͑u͒ and I ͑z, u͒ is defined by
For the asymptotic evaluation of the contour integral I ͑z, u͒ as z !`, the path P ͑u͒ is chosen as a union of the set of Olver-type paths 4 -9,12 with respect to the accessible saddle points of the complex phase function f͑v, u͒, where P ͑u͒ must evolve continuously for all u $ 1. The condition that f͑v, u͒ be stationary at a saddle point is simply that f 0 ͑v, u͒ 0, where the prime here denotes differentiation with respect to v, so that from Eq. (2.6) one obtains the general saddle-point equation
whose solutions give the desired saddle-point locations in the complex v plane. Throughout this analysis the dominant saddle point (or points) refers to the accessible saddle point (or points) that has the largest value of X͑v, u͒ Re͓f͑v, u͔͒ at it and hence has the least exponential decay associated with it. Because of the general symmetry relations 4, 9 (where the asterisk denotes the complex conjugate) n͑2v͒ n ‫ء‬ ͑v ‫ء‬ ͒ and f͑2v, u͒ f ‫ء‬ ͑v ‫ء‬ , u͒, if v j is a saddle-point solution of Eq. (3.4), then so also is 2v ‫ء‬ j . If v j and 2v ‫ء‬ j are the dominant saddle points at a given value of u and if they are isolated from each other and all other saddle points of f͑v, u͒ at that value of u, then the asymptotic behavior of I ͑z, u͒ as z !`is obtained 4 -9 from Olver's theorem 12 as
If the dominant saddle point v j is also dominant over all the pole contributions given in Eq. (3.2) at some particular value of u ct͞z, then the propagated field A͑z, t͒ oscillates with an instantaneous frequency that is approximately given by the real part of that saddle-point location as Re͓͑v j , u͔͒, and the attenuation of the field amplitude at that space -time point is determined by the real part of the complex phase function evaluated at that saddlepoint location as X͑v c , u͒͞c.
The residue contribution to A͑z, t͒ is nonzero only if the spectral functionũ͑v 2 v c ͒ has poles. If the envelope function u͑t͒ of the initial field A͑0, t͒ u͑t͒sin͑v c t͒ at the plane z 0 is bounded for all time t, thenũ͑v 2 v c ͒ can have poles only if u͑t͒ does not tend to zero too fast as t !`. Hence the implication of a nonzero residue contribution is that the field A͑z, t͒ oscillates with angular frequency v c for positive times t at the input plane z 0 and will tend to do the same at larger values of z for large enough t. As a consequence, this contribution to the asymptotic behavior of the propagated field describes the steady-state behavior of the signal whose arrival is determined by the dynamical evolution of the saddle points of f͑v, u͒.
A. Single-Resonance Lorentz Model Dielectric
The detailed asymptotic description of the propagated field relies on a thorough knowledge of the saddle points of the complex phase function f͑v, u͒ and the phase behavior at them as they evolve in the complex v plane. As a consequence, a specific model of the dielectric dispersion must be chosen, and it is critical that this model be causal. 25 An important example is provided by the classical Lorentz model 25, 26 of resonance polarization in a homogeneous, isotropic, locally linear dielectric that is characterized by a single undamped resonance frequency v 0 , for which the complex index of refraction is given by
Here b is the plasma frequency of the medium and d is the phenomenological damping constant of the harmonically bound electrons with resonance frequency v 0 . Both n͑v͒ and f͑v, u͒ are analytic everywhere in the complex v plane except along the two branch cuts v 
The distant saddle points are situated at 6`2 2id when u 1, and they approach the outer branch points v 0 6 as u !`, as depicted in Fig. 1 . The approximate locations of the pair of near saddle points SP 6 N are given by 4, 5 v SP
where The quantities
are critical values of the space -time parameter u. As shown in Fig. 1 , for 1 # u , u 1 , the pair of near firstorder saddle points SP 1 SP 1 N and SP 2 SP 2 N lies along the imaginary axis symmetrically situated about the point 2͑2d͞3a͒i, which they both approach as u increases to u 1 ; at u u 1 these two first-order saddle points have coalesced into a single second-order saddle point; and for u . u 1 the pair of near first-order saddle points SP 6 N moves away from the point 2͑2d͞3a͒i, is symmetrically situated about the imaginary axis in the lower half of the complex v plane, and approaches the inner branch points v 6 , respectively, as u !`.
B. Asymptotic Form of the Propagated Field
For rather general initial signal envelope functions u͑t͒ the uniform asymptotic approximation of the integral representation (2.9) of the propagated field may be expressed in the form 4 -9 A͑z, t͒ ϳ A S ͑z, t͒ 1 A B ͑z, t͒ 1 A c ͑z, t͒ .
(3.13)
An important feature of relation (3.13) is that the asymptotic behavior of the propagated plane-wave field in a single-resonance Lorentz model dielectric is expressed as the sum of three terms that are essentially uncoupled so that they can be treated independently of one another. These three terms originate from the asymptotic contribution of the accessible saddle points of f͑v, u͒ and from the pole contributions of the spectral functionũ͑v 2 v c ͒ when the original contour of integration, C, is deformed to the contour P ͑u͒ that consists of Olver-type paths 4, 5, 9, 12 with respect to each of the accessible saddle points at that value of u. The asymptotic contribution that is due to the contour integration along the Olver-type paths P , so that 14) and its attenuation is proportional to the real part of f͑v SP 6 D , u͒. For an input unit step function modulated signal the front of the Sommerfeld precursor arrives at u 1 (and hence travels at the vacuum speed of light in the dispersive material) with an infinite angular frequency of oscillation. As u increases from unity, the amplitude of this precursor rapidly builds to a peak value and thereafter decays as the attenuation factor increases and the instantaneous oscillation frequency chirps downward toward Re͑v
The uniform asymptotic behavior 6 of the Sommerfeld precursor evolution that is due to an input unit step function modulated signal is illustrated in Fig. 2 These parameters correspond to a highly absorptive and dispersive material, as originally chosen by Brillouin, 2, 3 and are used throughout this paper. The asymptotic behavior of the component field A B ͑z, t͒ is due to the expansion along the Olver-type path P 1 through the upper near saddle point SP 1 for 1 , u # u 1 and along the Olver-type paths P 6 N through the near saddle points SP 6 N , respectively, for u $ u 1 and is referred to as the Brillouin precursor field. The Brillouin precursor is nonoscillatory for 1 , u # u 1 and attains a peak amplitude near the space-time point u 0 , where there is no exponential attenuation. As u increases above u 1 , the Brillouin precursor becomes oscillatory with an instantaneous frequency of oscillation, v B , that is approximately given by the real part of the near saddle-point location
which chirps upward toward Re͑v 1 ͒ p v 0 2 2 d 2 , and the field amplitude decreases as the attenuation factor monotonically increases. The uniform asymptotic behavior 6 of the Brillouin precursor evolution that is due to an input unit step function modulated signal is illustrated in Fig. 3 at a fixed propagation distance in a single-resonance Lorentz model medium.
The final contribution, A c ͑z, t͒, is due to the poles of u͑v 2 v c ͒ that may be crossed in deforming the original contour C to the path P ͑u͒, as described in part by Eqs. (3.1) and (3.2) . This contribution to the asymptotic behavior of the propagated field that is due to an input unit step function modulated signal with input carrier frequency v c describes the steady-state behavior of the propagated signal that oscillates at v v c . The total dynamical precursor field evolution in the mature dispersion regime is found 4 -9 to depend on the value of the carrier frequency v c in comparison with the real frequency value given by
that is defined by the real frequency coordinate of the distant saddle point SP
The Sommerfeld precursor field A S ͑z, t͒ is then asymptotically dominant over the Brillouin precursor field for 1 # u , u SB , and the Brillouin precursor field A B ͑z, t͒ is asymptotically dominant over the Sommerfeld precursor for u . u SB . The transition between these two precursor fields takes place at the space -time point u u SB when v S ഠ v SB . The total dynamical field evolution in the mature dispersion regime that is due to an input unit step function modulated signal with carrier frequency v c when v c , v SB is illustrated in Fig. 4 when v c is below the undamped resonance frequency of the Lorentz model dielectric. The field structure is dominated by the Sommerfeld precursor for 1 # u , u SB , whereas it is dominated by the Brillouin precursor for u SB , u , u c . The Brillouin precursor field experiences no exponential attenuation at the space -time point u u 0 and varies with the propagation distance only as z 21/2 at this point, which clearly dominates the entire field evolution. Finally, for all u . u c $ u 0 , where X͑v SP 1 N , u c ͒ X͑v c ͒, the simple pole contribution at v v c is the dominant contribution to the asymptotic behavior of the propagated field, which now evolves with a fixed angular frequency of oscillation equal to v c and with an amplitude that is specified by the attenuation coefficient of the medium evaluated at v c .
The total dynamical field evolution in the mature dispersion regime when v c . v SB is markedly different, as seen in Fig. 5 . The field evolution begins with the Sommerfeld precursor, which dominates the field evolution over the space-time interval 1 # u , u c1 . At u u c1 , where X͑v SP 1 D , u c1 ͒ X͑v c ͒, with 1 , u c1 , u SB , the distant saddle points are of equal dominance with the simple pole singularity at v v c . This pole contribution is then the dominant contribution to the asymptotic behavior of the propagated field over the space -time interval u c1 , u , u c2 . At u u c2 , where X͑v SP1 , u c2 ͒ X͑v c ͒, with u SB , u c2 , u 0 , the pole contribution is of equal asymptotic dominance with the upper near saddle point SP 1 . The Brillouin precursor then dominates the field evolution over the space -time interval u c2 , u , u c , where u c is as defined above. The pole contribution is then the dominant contribution to the asymptotic behavior of the propagated field for all u . u c .
The accuracy of each aspect of this asymptotic description has been completely verified by precise numerical calculations. 10,15 -17 The only significant source of error in the asymptotic approximation is due to the saddle-point approximations given in relations (3.9)-(3.12). When numerically determined saddle-point locations are used in the asymptotic expressions, the results are virtually indistinguishable from any accurate numerical integration of Eq. (2.6). Because of the availability of accurate numerical techniques for the integration of Eq. (2.6), the most efficient approach to understanding the dynamics of dispersive pulse propagation is to use the asymptotic theory to explain the detailed field evolution that is obtained by use of whatever accurate numerical technique is applicable. That approach is taken throughout the remainder of this paper.
HYPERBOLIC TANGENT MODULATED SIGNAL
The first canonical problem considered 4 in order to study the effects of a finite rise time on the precursor field formation is the hyperbolic tangent modulated signal with the initial pulse envelope
where the real-valued parameter b $ 0 is indicative of the rapidity of the initial rise time T r of the signal, where T r ϳ 1͞b. The spectrum of this initial envelope function is given by
Here Im͑?͒ denotes the imaginary part of the quantity in parentheses. Since sinh ͑z͒ 0 at z 6npi for integer n, the right-hand side of Eq. and hence are independent of the particular pole singularity.
The ratio of the finite rise-time pulse envelope spectrum u b to its instantaneous limitũ`is given bỹ
For large values of the rise-time parameter b and finite values of the quantity v 2 v c , the hyperbolic sine function appearing in Eq. (4.7) may be approximated by the first two terms in its Taylor-series expansion, with the result
It is seen from relations (3.8) - ( A more detailed analysis 4,9 that considers the interaction of the saddle points with the family of simple pole singularities (4.5) of the pulse envelope spectrum validates the conclusions of this simple argument and is now briefly presented. Explicit expressions for the uniform asymptotic description for the saddle-point and pole interactions are given in Ref. 9 .
A. Interaction of the Saddle Points with the Simple Pole Singularities
For an instantaneous rise-time signal (i.e., for infinite b) the only pole singularity in the finite complex v plane is located along the positive real axis at v p0 v c . As the rise-time parameter b is allowed to decrease, the other pole singularities v 6 pn , n fi 0, will interact with the deformed contour of the integration, P ͑u͒, which passes through the saddle points, and their contributions to the field component A c ͑z, t͒ must be taken into account. Remember that the original contour of integration, C, which
Let u u r be defined as the value of u at which the real part of the interacting saddle point v SP ͑u͒ is equal to the real part of the simple pole singularity, so that Re͓v SP ͑u r ͔͒ ϵ v c .
(4.11)
The particular pole singularities v 6 pn that interact with the relevant saddle point then depend on the relative values of the quantity 62nb and the imaginary part of the saddle point at u u r .
High-Frequency Domain
The asymptotic approximation of A c ͑z, t͒ for applied signal frequencies in the high-frequency domain v c $ p v 1 2 2 d 2 , above the medium absorption band, is now described as the rise-time parameter b is allowed to decrease from infinity. In that case v SP becomes the distant saddle-point location v SP 1 D , the value of u r is specified by 12) and the imaginary part of this saddle-point location is given by
where j͑u͒ and h͑u͒ are defined in Eqs. (3.9). The first case that needs to be considered as b is allowed to decrease from infinity is that for which the inequality b . d͓1 1 h͑u r ͔͒͞2 (4.14)
is satisfied. The geometry of this situation is illustrated in Fig. 6(a) . In this case the pole singularities at v 
.
(4.16)
It is clearly seen from relation (4.15) that the simple pole singularities with n $ 2 possess a larger exponential decay than that at both v p0 v c and v p1 v c 2 2bi and hence are asymptotically negligible in this case. Furthermore, for the simple pole singularities located at v 1 pn v c 1 2nbi, n 1, 2, 3, . . . , in the upper half of the complex v plane, the deformation of the original contour of integration, C, to the path P ͑u͒ through the distant saddle point SP 1 D does not cross any of these singularities for the situation that is depicted in Fig. 6(a) . For smaller values of b . d͓1 1 h͑u r ͔͒͞2 than that treated in Fig. 6(a) or for another choice of the Olver-type path through the saddle point SP 1 2nbi, n 1, 2, 3, . . . , to the asymptotic behavior of the field A͑z, t͒ are asymptotically negligible for b . d͓1 1 h͑u r ͔͒͞2.
For smaller values of b, such as those depicted in Figs. 6(b) and 6(c), the original contour of integration, C, will be deformed across at least one of the simple pole singularities v 1 pn in the upper half-plane. However, any such pole contribution to the asymptotic behavior of the field A͑z, t͒ occurs only during those values of u when the exponential attenuation associated with it is much greater than that associated with the distant saddle point SP 1, 2, 3 , . . . , approach close to the real axis, and the interaction of the deformed contour of integration with them becomes more important. In that case several of their contributions to the asymptotic behavior of the propagated field A͑z, t͒ are no longer negligible in comparison with the contribution that is due to the simple pole singularity at v p0 v c as well as the contributions that are due to several of the pole singularities at v 2 pn v c 2 2nbi, n 1, 2, 3, . . . . Each of these contributions oscillates at the signal frequency v c , as is clearly shown by the uniform asymptotic theory, 4, 9 so that the precursor fields, whose spectral amplitudes decrease as b decreases, become negligible in comparison with the total signal oscillating at v c . The field is then said to be quasi-monochromatic. 1 2nbi, n 1, 2, 3 , . . . , in the upper half of the complex v plane. However, such a pole contribution occurs only during those values of u when the exponential attenuation associated with it is much greater than that associated with the near saddle point SP , u͒, the original contour of integration will not cross that pole singularity when it is deformed to the path P ͑u͒ along the path of steepest descent through the saddle point SP 1, 2, 3, . . . . The condition for treating the asymptotic expansion that is due to given saddle-point and pole contributions in isolation is that the magnitude of the complex quantity D͑u͒ ͓f͑v SP , u͒ 2 f͑v p , u͔͒ 1 2nbi, n 1, 2, 3 , . . . , are asymptotically negligible unless b , , d, in which case the quasimonochromatic limit is attained.
Low-Frequency Domain
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Intermediate-Frequency Domain
p v 0 2 2 d 2 , v c , p v 1 2 2 d 2 For applied signal frequencies in the intermediatefrequency domain p v 0 2 2 d 2 , v c , p v 1 2 2 d 2 , which is within the absorption band or the anomalous dispersion region of the dielectric, neither the near nor the distant saddle point comes within close proximity of any of the simple pole singularities at v 6 pn v c 6 2nbi, n 0,
B. Dynamical Evolution of the Propagated Field
The preceding asymptotic description has shown that for all finite applied signal frequencies v c . 0, the precursor fields that are characteristic of the propagated field that is due to an input unit step function modulated signal will persist nearly unchanged for the case of an input hyperbolic tangent modulated signal whose rise-time parameter b is of the order of d or greater or, equivalently, whose initial rise time T r ϳ 1͞b is less than or equal to the characteristic relaxation time 1͞d of the Lorentz model dielectric. As b is decreased below d, the precursor field becomes less important in the overall field structure and the field becomes quasi-monochromatic.
These conclusions are completely confirmed by accurate numerical calculations of the propagated field that is due to an input hyperbolic tangent modulated signal in a single-resonance Lorentz model dielectric with parameters the same as those used in Figs. 2 -5 ; the results are presented in Figs. 7-10. Each figure depicts the dynamical field evolution for several increasing values of the initial rise-time parameter b at a fixed value of the input carrier frequency v c and a fixed propagation distance z relative to the e 21 penetration depth d at the signal frequency v c . Note the horizontal scale change in each figure sequence; as is easily seen, the amplitude of the main signal that evolves over u . u c is the same in each particular sequence of field diagrams.
Low-Frequency Domain
The below-resonance carrier frequency case ͑v c ͞v 0 0.25͒ is presented in Fig. 7 at the propagation distance z͞d 5.495. It is clear that for b , d the Brillouin precursor is absent from the propagated-field structure, which is clearly quasi-monochromatic. For all b * d the Brillouin precursor is seen to be a dominant structure in the propagated-field structure. As b increases above d, the ratio of the peak amplitude of the Brillouin precursor to the steady-state amplitude of the main signal is seen to increase monotonically to its maximum value at b ( the instantaneous turn-on case).
Intermediate-Frequency Domain
The case in which the carrier frequency is equal to the undamped resonance frequency of the Lorentz model dielectric ͑v c ͞v 0 1͒ is presented in Fig. 8 at the propagation distance z͞d 2.67. The propagated-field structure is again seen to be quasi-monochromatic for b , d, whereas, for all b * d, the Brillouin precursor dominates the dynamical field evolution. Again, as b increases above d, the ratio of the peak amplitude of the Brillouin precursor to the steady-state amplitude of the main signal is seen to increase monotonically.
The dynamical field evolution becomes more complicated when the carrier frequency is near the upper end of the absorption band, as illustrated in Fig. 9 , when v c is just below v 1 . This particular value of v c corresponds to the frequency at which the group velocity in the medium is equal to the speed of light in vacuum. The propagatedfield structure is clearly quasi-monochromatic for b , , d. As b approaches d from below, the field begins to lose its quasi-monochromatic character, as seen in Fig. 9(a) . As b is increased through and above d, the leading edge of the propagated field steepens and becomes more complicated as both the Sommerfeld and Brillouin precursors increase in dominance. For b . . d these two precursor fields dominate the entire field evolution, as seen in Fig. 9(b) .
High-Frequency Domain
The dynamical field evolution in the very-high-frequency domain v c . v SB . p v 1 2 2 d 2 is illustrated in Fig. 10 when v c ͞v 0 2.5 at the propagation distance z͞d 5.84. The propagated-field structure is quasi-monochromatic for b & d. As the rise-time parameter b is increased above d, the Sommerfeld precursor begins to dominate the initial field evolution, and for b . . d the Brillouin precursor appears in a finite u domain about u 0 , thereby bifurcating the steady-state signal evolution into a prepulse over the u domain u c1 # u # u c2 and the main signal, which oscillates undisturbed for all u . u c . Finally, as b increases above d, the ratio of the peak amplitude of the Sommerfeld precursor to the steady-state amplitude of the signal is seen to increase monotonically.
RAISED COSINE ENVELOPE SIGNAL
The second canonical problem considered here in order to study the effects of a finite rise time on the precursor field formation is the raised cosine envelope signal with the initial pulse envelope u͑t͒ 8 > < > :
where T r is the initial rise time of the signal. Unlike the hyperbolic tangent envelope signal given in Eq. (4.1), which is nonzero for all finite t # 0 when b is finite, the envelope function specified in Eq. (5.1) is identically zero for all t # 0 and, moreover, attains its steady-state amplitude in the time T r . The spectrum of the envelope function given in Eq. (5.1) is found asũ
In the limit as b !`the initial rise time of the signal envelope goes to zero ͑T r ! 0͒, and the envelope function given in Eq. (5.1) goes over to a Heaviside unit step function whereas the spectrum (5.3) has the limiting behavior 4) which is precisely the spectrum for a Heaviside unit step function envelope, just as in the case of the hyperbolic tangent envelope. However, the opposite limit as b ! 0 and T r !`is of no interest for the raised cosine envelope signal, as the entire initial field vanishes in this limit. This is not the case for the hyperbolic tangent envelope signal, which approaches a strictly monochromatic field of constant, nonzero amplitude in the same limit. The spectrum of the input pulse with constant carrier frequency v c that appears in the integrand of the integral representation (2.6) of the propagated field is given by 
which has critical points at v v c and v v c 6 b. Since the factor cos͓p͑v 2 v c ͒͞2b͔ appearing in spectrum (5.5) vanishes at v v c 6 b, these two critical points are removable singularities. Hence the only pole contribution to the asymptotic behavior of the propagated field that is due to an input raised cosine envelope signal is due to the simple pole at v v c . This contribution, when it is the dominant contribution to the asymptotic behavior, yields the signal evolution that oscillates harmonically in time with the input signal frequency v c . The uniform asymptotic description of the propagated field for all u $ 1 may then be directly obtained from the description provided in Refs. 4, 6, and 9.
The ratio of the finite rise-time pulse envelope spectrum u b to its instantaneous limitũ`is given byũ
For large values of the rise-time parameter b and finite values of the quantity v 2 v c , the expression appearing on the right-hand side of Eq. (5.6) may be approximated asũ is satisfied. This is the same approximate inequality obtained for the hyperbolic tangent modulated signal. In terms of the characteristic relaxation time T d ϳ 1͞d of the Lorentz medium and the initial rise-time T r ϳ 1͞b of the raised cosine envelope signal, this inequality becomes
Consequently, for finite applied signal frequencies v c . 0, the precursor fields that are characteristic of the propagated field that is due to an input unit step function modulated signal will persist nearly unchanged for the case of an input raised cosine envelope signal whose rise-time parameter b is of the order of d or greater or, equivalently, whose initial rise time T r is less than or equal to the characteristic relaxation time 1͞d of the Lorentz model dielectric. This result is completely confirmed by accurate numerical calculations of the propagated field that is due to an input raised cosine envelope signal in a single-resonance Lorentz model dielectric with parameters the same as those used in Figs. 2 -5 as well as in Figs. 7 -10 ; the results are presented in Figs. 11 -14 . Each figure depicts the dynamical field evolution for several increasing values of the initial rise-time parameter b at a fixed value of the input carrier frequency v c and a fixed propagation distance z relative to the e 21 penetration depth d at the signal frequency v c .
A. Low-Frequency Domain
The below-resonance carrier frequency case is presented in Fig. 11 with v c ͞v 0 0.25 at the propagation distance z͞d 5.495, which corresponds to the hyperbolic tangent modulated case depicted in Fig. 7 . It is clearly seen that for all b * d the Brillouin precursor dominates the propagated-field structure. The observed phase reversal in the Brillouin precursor that appears between the b 2d and b 10d field structures is simply due to the phase change that occurs in the factor exp͓ip͑v 2 v c ͒͞2b͔ appearing in the input pulse envelope spectrum given in Eq. (5.5). Because of this phase change, the growth of the Brillouin precursor as b increases above d is more complicated than that for the hyperbolic tangent modulated signal depicted in Fig. 7 .
B. Intermediate-Frequency Domain
The on-resonance frequency case when v c v 0 is presented in Fig. 12 at the propagation distance z͞d 2.67, which corresponds to the hyperbolic tangent modulated case depicted in Fig. 8 . The Brillouin precursor is again seen to dominate the propagated-field structure for all b * d.
The dynamical field structure becomes quite complicated when the carrier frequency is near the upper end of the absorption band, as illustrated in Fig. 13 , when v c is just below v 1 ; this case corresponds to the hyperbolic tangent modulated case depicted in Fig. 9 . Because the input field amplitude decreases as b decreases (unlike for the hyperbolic tangent modulated signal, whose steady-state amplitude always approaches unity) and because the field attenuation at v c is so very large when v c is in the absorption band of the medium, transient effects are seen to appear in the propagated-field structure even when b is much less than d. Nevertheless, as b is increased through and above d, the leading edge of the propagated field steepens and becomes more complicated as both the Sommerfeld and Brillouin precursors increase in dominance and interfere with each other.
C. High-Frequency Domain
The dynamical field evolution in the very-high-frequency domain v c . v SB . p v 1 2 2 d 2 is illustrated in Fig. 14 when v c ͞v 0 2.5 at the propagation distance z͞d 5.84, which corresponds to the hyperbolic tangent modulated case depicted in Fig. 10 . Comparison of these two figures shows that the corresponding propagated-field structures are quite similar.
CONCLUSIONS
The effects of a noninstantaneous, finite rise time on the precursor field formation associated with linear dispersive pulse propagation have been described in detail by use of the modern asymptotic description of the propagated plane-wave field in a single-resonance Lorentz model dielectric for the two canonical problems of an input hyperbolic tangent modulated signal and an input raised cosine envelope signal. Both signals are characterized by a rise-time parameter b ϳ 1 ͞T r , where T r is the initial rise time of the signal. In addition, the slopes of both input envelope functions at the 1͞2 amplitude point are equal to b͞2. Both of these input signals approach the unit step function modulated signal in the limit as b !`. The analysis presented here has clearly shown that the Sommerfeld and Brillouin precursor fields that are characteristic of the propagated field that is due to an input unit step function modulated signal 4 -10 will persist nearly unchanged for values of the rise-time parameter b (or input slope maximum) that are of the order of d or greater, where d is the characteristic damping constant of the Lorentz model dielectric, or, equivalently, for values of the initial rise time T r that are less than or equal to the characteristic relaxation time of the dispersive medium. For the highly absorptive material considered in the numerical examples presented in this paper (these are the same medium parameters used by Brillouin 2,3 in his classic analysis of the problem), this corresponds to a maximum initial rise time of 0.357 fs. However, for triply distilled liquid water with an input microwave frequency field, this corresponds to a maximum initial rise time of roughly 5.3 3 10 211 s to enable one to observe the Brillouin precursor. 19 It is hoped that this theoretical description will stimulate careful experimental research aimed at observing both the Sommerfeld 
